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Strong electric-field effects on the structure profiles of doubly excited resonances
in He ground-state photoionization

T. K. Fang and Y. K. Ho
Institute of Atomic and Molecular Sciences, Academia Sinica, P.O. Box 23-166, Taipei, Taiwan 106, Republic of China

~Received 20 January 1999; revised manuscript received 29 April 1999!

Electric-field effects on the doubly excited resonant structures in He ground-state photoionization are inves-
tigated theoretically using the complex-rotation method with aB-spline-based configuration interaction basis.
Angular-momentum states up toLmax53 are coupled together by the external electric field for the final states.
The variations of the structure profiles for theML50 components of He (2,5a) and (2,6a) 1Po and 1De

resonances for selected dc electric-field strengths are examined. The changes of the resonant energies and
widths are also presented.@S1050-2947~99!05009-X#

PACS number~s!: 32.80.Dz, 32.80.Fb, 32.60.1i
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I. INTRODUCTION

With recent high-resolution intense light sources, the d
bly excited Rydberg series of He has been observed
resolved in photoionization experiments@1,2#. Parallel to the
fast growing experimental techniques, significant progr
has also been made in the theoretical calculations@3–5#.

This work presents the photoionization of He in the e
ergy regions of the (2,5a) and (2,6a) 1Po resonances unde
the presence of external electric fields. Electric-field effe
on such1Po states, to our knowledge, have not been inv
tigated either theoretically or experimentally, although t
electric-field effects on the photodetachment of H2 have a lot
of experimental works@6–9# and theoretical calculation
@10–14#.

The B-spline-based complex-rotation method is used
investigate the electric field effects on He (2,5a) and (2,6a)
1Po and 1De resonances in the photoionization from the H
ground state. With a nearly complete set of finiteL2 basis
functions, the B-spline-based configuration interactio
~BSCI! basis has successfully applied to two-electron a
divalent atoms @15#. On the other hand, recently th
complex-rotation method has been used in the study of
ground-state photoionization@4,16# and the hydrogen atom
in external electric or magnetic fields@17,18#. In the present
investigation, we concentrate on the (2,5a) and (2,6a) 1Po

states because the required field strengths for the phen
enon predicted in our work are very likely available in t
day’s laboratories.

II. THEORY

A. BSCI basis for two-electron atoms

For two-electron atoms within the central-field appro
mation, the two-electron basis functioncnl ,n8l 8

L (r 1,r 2) can
be expressed as a sum of two-particle Slater-determi
wave functions over all magnetic quantum numbers in
form of @15#

cnl ,n8l 8
L

~r 1,r 2!5 (
all m’s

~21! l 82l @~2S11!~2L11!#1/2
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nl ,n8l 8

mmsm8ms8~r 1,r 2!,

~1!

whereL5(S, L, MS , ML) represents a set of quantum num
bers S, L, MS , and ML . S is the total spin,L is the total
orbital angular momentum, andMS andML are the magnetic
quantum numbers ofS and L, respectively. The Slater
determinant wave function is constructed from the on
electron orbitalsub , i.e.,

f
nl ,n8l 8

mmsm8ms8~r 1,r 2!5~2! !21/2detuub~rm!u, ~2!

and b represents the quantum numbersnb , l b , mb, and
msb

, which define the one-electron orbital function. Mo

specifically,unl mms
is given by the product of its spatial an

spin parts, i.e.,

unl mms
~r !5

xnl ~r !

r
Yl m~u,w!s~ms!. ~3!

Note that the only component in the basis functions tha
not predetermined is the radial partx of the one-particle
orbital functionu.

The nonrelativistic radial functionsxnl satisfy the
eigenequation

hl xnl 5enl xnl . ~4!

The one-particle Hamiltonian in atomic unit is given by

hl ~r !5S 2
1

2

d2

dr22
Z

r
1

1

2

l ~ l 11!

r 2 D . ~5!

The solutionxnl is expanded in terms of a set ofB splines of
order K and total numberN defined betweenr 50 and r
5R, i.e.,

xnl ~r !5(
i 51

N

ciBi~r !. ~6!

The indexK is omitted from the functionsBi for simplicity.
2145 ©1999 The American Physical Society
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B. Complex-rotation method

The Hamiltonian for two-electron atoms in an extern
field is @19#

H5T1V1F•r , ~7!

whereF is the external field andr5r11r2 is the position
operator. The kinetic and potential operators in atomic u
are given by

T52
1

2
¹1

22
1

2
¹2

2 ~8!

and

V52
Z

r 1
2

Z

r 2
1

1

r 12
, ~9!

respectively, wherer 125ur12r2u andZ is the nuclear charge
The field strength in atomic unit is 1 a.u.55.143109 V/cm.

In the method of complex rotation, the radial coordina
are transformed by

r˜reiQ, ~10!

and the Hamiltonian can be written as

H~Q!5Te22iQ1Ve2 iQ1F•reiQ. ~11!

Complex eigenvalues are obtained by diagonalizingH(Q) in
a BSCI basis of real functions, and the complex resona
energy is given by

Eres5Er2 iG/2. ~12!

The eigenstates ofH(Q) are normalized as@17,20#

H~Q!uCn~Q!&5En~Q!uCn~Q!& ~13!

and

^Cn~Q!uCm~Q!&5dnm , ~14!

where ^Cn(Q)u denotes the transposed value ofuCn(Q)&,
not the Hermitian conjugate.
l

ts

s

ce

C. Photoionization cross sections

The photoionization cross sections(E) from the initial
stateuC0& with energyE0 can be expressed in the dipole
length approximation as~in a.u.! @17,18#

sL~E!54paDE Im (
n

^Cn~Q!uR~Q!DLuC0&
2

En~Q!2E
,

~15!

where a is the fine-structure constant,DE5E2E0 is the
transition energy,DL5«•r is the dipole-length operator fo
polarization«, and R(Q) is the complex rotation operato
given by @17#

R~Q!5expS 2Q
r•p1p•r

2 D . ~16!

The photoionization cross section can also be expresse
the dipole-velocity approximation as~in a.u.!

sV~E!54paDE21 Im (
n

^Cn~Q!uR~Q!DVuC0&
2

En~Q!2E
,

~17!

where DV5«•(“11“2). Note that the complex-rotate
Hamiltonian can be formally written as@17#

H~Q!5R~Q!HR~2Q!. ~18!

Writing the complex dipole matrix into the real an
imaginary parts as

^Cn~Q!uR~Q!DuC0&5Bn1 iCn , ~19!

whereD5DL andDV in the length and velocity approxima
tions, respectively, the photoionization cross sections(E)
can then be parametrized and separated into nonresonan
resonant parts as@5,17#

s~E!5s0~E!1(
n

sn~E!. ~20!

In Eq. ~20!, s0(E) is the background cross section an
sn(E) is a modified Fano profile function for thenth reso-
nance given by@16#
ions
TABLE I. The calculated resonant energiesEr ~in a.u.!, widthsG ~in a.u.!, Fanoq parameters, and the fitted background cross sect
s0(E) and s0 ~in Mb! of the He (2,5a) 1Po and 1De resonances for the parametrizeds(E), as defined by Eq.~24!. The weakly
energy-dependents0(E) is expressed in a linear fit as a function of energyE in a.u., i.e.,s0(E)5a1bE. The electric-field strengthsF are
in atomic units. Numbers in square brackets indicate powers of 10.

(2,5a) 1Po (2,5a) 1De s0(E)
F Er G q sb Er G q sb a b

0 20.521 450 6.56@25# 22.88 1.086 20.522 646 1.29@24# 9.21 15.48
2.5@25# 20.521 566 5.97@25# 22.86 1.083 20.522 707 1.24@24# 22.80 3.6@23# 11.55 19.94
5.0@25# 20.521 885 4.72@25# 22.81 1.052 20.522 875 1.11@24# 22.83 0.016 18.57 33.32
7.5@25# 20.522 339 3.62@25# 22.75 0.939 20.523 122 9.34@25# 22.86 0.042 28.89 53.04
1.0@24# 20.522 880 2.88@25# 22.67 0.700 20.523 426 7.47@25# 22.87 0.096 14.79 26.04
1.25@24# 20.523 465 2.25@25# 22.40 0.298 20.523 786 5.89@25# 22.81 0.209 17.74 31.64
1.5@24# 20.523 969 1.56@25# 29.74 3.3@23# 20.524 315 5.31@25# 22.48 0.230 27.01 49.32
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FIG. 1. Electric-field effects on the He ground-state photoionization in the energy region of the (2,5a) 1Po resonance at a field strengt
F varying from 0 to 1.531024 a.u. The vertical scale is kept uniform. The solid lines are our calculated photoionization spectra usi
~17!. The fitted results in open circles are obtained directly from the parametrizeds(E) defined by Eq.~24! with the parameters given in
Table I. The calculated background cross sectionss0(E) in Eq. ~24! are also shown as dashed lines.
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sn~E!5sb
nF ~qn1«n!2

~11«n
2!

21G , ~21!

where

«n5~E2En!/ 1
2 Gn ~reduced energy!,

qn52
Bn

Cn
~Fano q parameter!, ~22!

sb
n58pag~E!

Cn
2

Gn
~background!,

whereEn and Gn are the resonant energy and width of t
nth resonance, andg(E)5DE andDE21 in the length and
velocity approximations, respectively. Ifqn , Gn , andsb

n can
be regarded as independent ofE over a sufficient range@21#,
the resonant strengthSn of the nth resonance can be define
as @16,21#

Sn5E
2`

1`

dEsn~E!5
p

2
sb

nGn~qn
221!; ~23!

i.e., Sn gives the area under the modified Fano profile fu
tion sn of the nth resonance.

III. CALCULATIONS AND RESULTS

In the presence of an electric field,ML remains a good
quantum number. For a linearly polarized light with the d
rection of polarization parallel to the electric field, theML
-

50 components of resonant states could be excited from
1Se ground state. Angular-momentum states with1Se, 1Po,
1De, and 1Fo are coupled together to form a BSCI basis
3680 configurations by the external electric field for t
ML50 components. We first investigate the He (2,5a) 1Po

resonant state and a nearby (2,5a) 1De state. For the field-
free case, the resonant energy and width for the (2,5a) 1Po

state areEr520.521 450 a.u. andG56.5631025 a.u., in
good agreement withEr52521 489 a.u. andG56.58
31025 a.u. @22#. They are also comparable toEr5
20.521 500 a.u. andG56.0531025 a.u. given in Ref.@5#.
As for the (2,5a) 1De state, the resonant energy and wid
areEr520.522 646 a.u. andG51.2931024 a.u., which are
comparable toEr520.522 72 a.u. andG51.1931024 a.u.
@22#.

In a rigorous theoretical approach, not only the final sta

FIG. 2. Electric-field effects on the resonant energies and wid
of He (2,5a) 1Po and (2,5a) 1De states. The spline fits are used
connect the calculated data points.
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but also the initial1Se ground state should be obtained b
the diagonalization of the Hamiltonian with the extern
electric field to account for the tunneling effects induced
the electric field. However, our calculations have shown th
after the Stark mixing, the ground state is still nearly a p
1Se state for all the electric-field strengths under the pres
investigation. Therefore the tunneling effect for the grou
state in the presence of an electric field can be ignored. In
present calculation, a BSCI basis of 3860 configuration
used for the strongly correlated He1Se ground state. Since
the agreement between the length and velocity results is
ter than 5%, only velocity results are shown throughout t
paper.

In the energy region around the He (2,5a) 1Po and

FIG. 3. Field variations on the resonant strengthS of
He (2,5a) 1Po and (2,5a) 1De states, whereS is defined by Eq.
~23!. The spline fits are used to connect the calculated data po
l
y
t,
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d
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et-
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(2,5a) 1De resonances, the parametrizeds(E) defined by
Eq. ~20! can be simplified as

s~E!5s0~E!1 (
n51

2

sb
nF ~qn1«n!2

~11«n
2!

21G , ~24!

where the sum over the resonance indexn is limited to the
(2,5a) 1Po and (2,5a) 1De states. Note that the resonant e
ergy En and widthGn of a staten in the reduced energy«n

5(E2En)/ 1
2 Gn are obtained directly from the complex e

genvalueEn(Q)5En2 iGn/2, and the Fanoq parameterqn

can be calculated using Eq.~22!. The weakly energy-
dependent background cross sectionss0(E) andsb

n are de-
termined by a linear and a constant fit, respectively. Tab
lists all the parameters for the parametrizeds(E) defined by
Eq. ~24!, including the calculated resonant energiesEr ,
widthsG, Fanoq parameters, and the fitted background cro
sectionss0(E) and sb . Figure 1 presents the electric-fiel
effects on the resonant structures for the He (2,5a) 1Po and
(2,5a) 1De states. The solid lines are our calculated pho
ionization spectra using Eq.~17!. For a given energy region
about 1000 data points are used to construct the solid cu
The open circles are the parametrizeds(E) obtained by us-
ing Eq.~24!. The calculated background cross sections0(E)
in Eq. ~24! is also given in Fig. 1, and as expected, it
indeed weakly energy dependent. The agreement betw
the parametrizeds(E) and the calculated one is nearly pe
fect. In the absence of an electric field, only the1Po state can
be accessed from the He1Se ground state by single-photo
absorption. When the external electric field is turned on,

ts.
h
ing Eq.
FIG. 4. Electric-field effects on the He ground-state photoionization in the energy region of the (2,6a) 1Po resonance at a field strengt
F varying from 0 to 6.2531025 a.u. The vertical scale is kept uniform. The solid lines are our calculated photoionization spectra us
~17!. The fitted results in open circles are obtained directly from the parametrizeds(E) defined by Eq.~24! with the parameters given in
Table II. The calculated background cross sectionss0(E) in Eq. ~24! are also shown as dashed lines.
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nearby1De resonance is induced by the1Po state due to the
Stark mixing of these two resonances. The magnitude of
1De resonance increases for increasing electric-fi
strength, and the magnitude of the1Po resonance decrease
when the field strength is increased. Eventually, the1Po

resonance is practically quenched at aboutF51.5
31024 a.u. As for the1De state, its magnitude is first in
creased for increasing field strength untilF51.25
31024 a.u. approximately. After that, the quenching effect
also applied to the1De state when the field strength is fu
ther increased.

Figure 2 shows the changes of resonant energies
widths of He (2,5a) 1Po and (2,5a) 1De states, where spline
fits are used to connect the calculated data points. Initia
when the external electric field is turned on, the reson
energies start to shift downward for both the1Po and 1De

states due to thequadratic Stark effect@23,24#, and the en-
ergy separation between them becomes smaller. When
reach the avoided crossing at aboutF51.2531024 a.u., the
1De state by then has about the same maximum cross se
as the 1Po state through the redistribution of magnitude
shown earlier in Fig. 1. After passing the avoided crossi
the resonant energies are shifted downward all the way
for the resonant widths, it is seen that initially when the fie
strength is increased, the widths start to decrease as a r
of losing autoionization intensities to other singlet-spin sta
@24#. The identification of such states is outside the scope
our present investigation. Nevertheless, it is an outstand
question which should be studied in the future. The wid
reach minima at critical field strengthsFc at aboutFc51.5

FIG. 5. Electric-field effects on the resonant energies and wid
of He (2,6a) 1Po and (2,6a) 1De states. The spline fits are used
connect the calculated data points.
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31024 and 1.7531024 a.u. for the1Po and 1De states, re-
spectively, and start to increase asF is further increased.
Before the field reaches such a critical strengthFc , the ex-
ternal field is not strong enough to break thetwo-electron
bondingdue to the strong correlation effects of the two do
bly excited electrons. The external field in the weak fie
cases simply acts as a mixing agent for the pair and o
neighboring states, resulting in the decrease of widths for
1Po and 1De pair, as was discussed earlier in the text. On
the field strength reaches a critical valueFc , the two-
electron bondingis broken by the external field; the one
electron tunneling effect then starts to dominate the auto
ization processes. At the high-field region, the widths star
increase in a more rapid fashion. Such a phenomenon is
to the fact that the effective potential barrier, formed by t
combination of the atomic potential and the external dc fie
would become narrower as the external electric-field stren
increases further. The time required for an electron to tun
out of the potential barrier would therefore be shorter, res
ing in the broadening of the autoionization width in the hig
field region@25#.

Detailed field variations of the resonant strengthS of the
He (2,5a) 1Po and 1De states are shown in Fig. 3. Again, th
spline fits are used to connect the calculated data point
can be seen that the1De state attains the maximum resona
strength at the avoided crossing nearF51.2531024 a.u.,
which further suggests that the strongest Stark interac

s

FIG. 6. Field variations on the resonant strengthS of He
(2,6a) 1Po and (2,6a) 1De states, whereS is defined by Eq.~23!.
The spline fits are used to connect the calculated data points.
ions
TABLE II. The calculated resonant energiesEr ~in a.u.!, widthsG ~in a.u.!, Fanoq parameters, and the fitted background cross sect
s0(E) and s0 ~in Mb! of the He (2,6a) 1Po and 1De resonances for the parametrizeds(E), as defined by Eq.~24!. The weakly
energy-dependents0(E) is expressed in a linear fit as a function of energyE in a.u., i.e.,s0(E)5a1bE. The electric-field strengthsF are
in atomic units. Numbers in square brackets indicate powers of 10.

(2,6a) 1Po (2,6a) 1De s0(E)

F Er
G q sb Er

G q sb a b

0 20.514 710 4.05@25# 22.71 1.135 20.515 408 6.94@25# 13.44 23.79
1.25@25# 20.514 821 3.46@25# 22.67 1.133 20.515 462 6.47@25# 23.00 4.5@23# 19.97 36.43
2.5@25# 20.515 107 2.44@25# 22.63 1.074 20.515 604 5.39@25# 23.01 0.022 38.04 71.42
3.75@25# 20.515 490 1.70@25# 22.58 0.875 20.515 792 4.11@25# 22.98 0.069 27.73 51.41
5.0@25# 20.515 896 1.02@25# 21.98 0.284 20.516 017 3.21@25# 22.87 0.251 37.44 70.22
6.25@25# 20.516 097 1.11@25# 24.41 0.039 20.516 450 2.67@25# 22.31 0.227 72.45 138.1
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between the1Po and 1De states is occurred at the avoide
crossing.

A similar Stark effect between the1Po and 1De states is
also found in the other (2,na) pairs, such as in the energ
region of the (2,6a) 1Po resonance shown in Figs. 4–6 an
Table II. For the field-free case, the resonant energy
width for the (2,6a) 1Po state areEr520.514 711 a.u. and
G54.0531025 a.u., which are comparable toEr5
20.514 72 a.u. andG53.831025 a.u. @22#. As for the
(2,6a) 1De state, the resonant energy and width areEr5
20.515 409 a.u. andG56.9431025 a.u., which are compa
rable to Er520.515 435 a.u. andG56.831025 a.u. @22#.
The magnitude and resonant strength of the1Po state are
found to decrease when the field strength is first turned
and eventually it is practically quenched at aboutF56.25
31025 a.u.(;321 kV/cm!. As for the nearby1De state, its
l,

n,

-
e

.
C.

B
.

B.
ith
d

n,

magnitude and resonant strength are first found to increas
the avoided crossing at aboutF55.031025 a.u. After that,
its magnitude and resonant strength are also found to
diminished as the field strength is increased further.

In summary, we have carried out a theoretical investi
tion of strong electric-field effects on the He (2,5a) and
(2,6a) 1Po and 1De resonances. Our findings hopefully wi
stimulate experimental activities to investigate such an in
esting phenomenon.
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